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Abstract
We present results from density functional theory calculations of the lithium adsorption
onto 2D graphitic carbon nitride membranes, C3N4 and C6N8 and bulk C3N4. We find that
lithium adsorbs preferentially over the triangular pores with a high adsorption energy. We also
find that lithium adsorption severely distorts the membrane and bulk material. The lithium
mainly interacts with the pyridinic nitrogen in the material, which enables a large lithium
uptake. However, the pyridinic nitrogen is also responsible for the instability of material. We
also present experimental results on the charge and discharge capacities of C6N8. These mirror
the theoretical prediction that the material shows a high lithium uptake which is, however,
irreversible.
Introduction
Carbon based materials have been widely pursued over the last decades as energy storage materials.
One of the interests in them is for their application as lithium (Li) storage materials. Because of
its low cost and high chemical stability, graphite is the most commonly used anode material in
commercialized batteries. Graphite has many features that make it suitable for this application,
such as low and flat voltage range, high Coulombic efficiency, good cyclability, low cost and a
small volume change on Li insertion.1–3 The Li storage capacity of graphite is one Li per six carbon
atoms, LiC6, with a specific theoretical capacity of 372 mAh/g.4 Two dimensional (2D) graphene
sheets can store Li on both sides giving rise to a theoretical capacity of LiC3, and graphene also
has a large surface area, excellent electrical conductivity and high chemical and thermal stability
making it seem suitable as an alternative material. However, at high loadings there it is predicted
that the interaction mechanism changes, which is expected to result in low mobility.5–7 Due to the
continued demand for higher capacity materials much research has turned to 2D porous graphene-
like membranes or hetero atomic doping of the graphene membrane.
2D layered porous graphene-like membranes have gained interest as they are expected to have
a small volume change as the lithium is inserted between the existing layers. It is also expected that
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lithium can reside in the pores within the membrane plane, further reducing the volume change, and
additionally, the pores might act as defects thereby offering more active sites for lithium adsorption
and facilitating high lithium mobility across layers. Since the synthesis of graphdiyne,8 the family
of graphynes, 2D layers of sp- and sp2-bonded carbons haven been investigated as possible anode
materials for lithium ion batteries.9,10 Sun et al.9 recently predicted via first principle calculations
that graphdiyne could provide a capacity of 744 mAh/g (LiC3) and excellent mobility for lithium
diffusion parallel to the membrane as well as between layers perpendicular to the membrane. The
theoretical prediction of the enhanced properties of graphdiyne over graphene has recently been
confirmed by experiment. Huang et al.11 obtained reversible capacities of up to 520 mAh/g after
400 cycles at a current density of 500 mA/g and 420 mAh/g after 1000 cycles at an even higher
current density of 2 A/g.
The doping of graphene with hetero atoms, especially nitrogen, has been shown to increase
the capacity of the anode material compared to pure graphene.3–5,12–15 The exact origin of this
enhancement is not clearly understood. It has been associated with the concentration and variety of
nitrogen containing groups, pyridinic, pyrrolic and graphitic. Studies so far suggest that pyridinic
nitrogen are desired for increased capacity.5,12,15,16
Reddy et al.15 studied the reversible Li insertion on nitrogen doped graphene directly grown
on copper current collectors. They found a reversible discharge capacity that was nearly double
that of pristine graphene, which was attributed to the large number of surface defects induced
by nitrogen doping. Ma et al.12 performed density functional theory (DFT) calculations using,
graphitic, pyridinic and pyrrolic nitrogen defect models. They conclude that pyridinic nitrogen
is the most suitable dopant for lithium storage showing a high storage capacity while graphitic
nitrogen is the least suitable. Wang et al.13 in a combined experimental and theoretical study
showed that nitrogen doped graphene shows a reversible capacity of 432 mAh/g at a current rate of
50C. Again, this was attributed to the presence of pyridinic and pyrrolic nitrogen. Recently, Zheng
et al.4 prepared nitrogen doped graphene particle analogues as anode materials for lithium ion
batteries. These particles retained a capacity of 2132 mAh/g after 50 cycles at a current density of
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100 mA/g and 785 mAh/g after 1000 cycles at 5 A/g. Theoretical calculations on a model system
suggest that this is due to pyridinic and pyrrolic nitrogen forming large pores in the carbon structure
which exhibit a large lithium storage capacity. The authors suggest that each nitrogen alone can
adsorb up to two lithium but that these cannot saturate the adsorption ability of the nitrogen atom
completely. Therefore all nitrogen atoms in a pore act together to adsorb more than twice their
number of lithium atoms.
Graphitic carbon nitride is a porous graphene like membrane which can be considered a nitro-
gen doped graphene with a very high nitrogen content. Two structures exist with different pore
sizes. The smaller pore size is based on triazine units, C3N3 and forms triangular pores surrounded
by three triazine rings which are linked with a N, see Figure 1(a) and (b). The second one is based
on heptazine units, C6N7 linked by a N, and forms much larger triangular pores, see Figure 1(c).17
We refer to the former material as C3N4 or triazine CN and the latter as C6N8 or heptazine CN.
Theoretical studies suggest both structures are possible as an anode material showing an enhanced
lithium storage capacity.18,19 Wu et al. performed a theoretical study showing that C3N4 has a
capacity of 524 mAh/g corresponding to Li2C3N4 and with an average adsorption energy of 2.4
eV per lithium atom. Heptazine carbon nitride has been investigated experimentally as a lithium
ion battery anode. Veith et al.16 showed that this form shows a very large but irreversible capac-
ity and a very low reversible capacity after the first cycle and seems to be unsuitable as an anode
material. This has also been confirmed in our experimental studies, as will be shown later. The
experimental study by Veith et al.16 on heptazine carbon nitride suggests that for this form the
low reversible capacity is due to the irreversible reaction of lithium with graphite-like C3N species
in the C6N8 material. They also concluded that high concentration of pyridinic C–N–C terminal
bonds are needed to boost electronic conductivity and reversibly cycling of lithium ions. Another
experimental study showed that triazine carbon nitride is also unsuitable as an anode material. As
the heptazine based structure, it shows a large capacity drop from over 130 mAh/g to only around
10 mAh/g in the first cycle.20
Theoretical studies18,19 suggest that C3N4 and C6N8 could be suitable anode materials, while
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experimental studies indicate that much of their large capacity is actually irreversible.16,20 How-
ever, these theoretical conclusions are mainly based on calculations with a low loading of lithium,
mostly one or two Li per unit cell. To our knowledge no theoretical study has investigated high
lithium loading, that is the adsorption of more than two lithium atoms in a unit cell. Experimental
studies have made an effort to explain the reasons behind why C3N4 and C6N8 are not suitable
as an anode material, however, no theoretical studies have investigated the effect of lithium inter-
calation in C3N4 and C6N8 in detail. In this study we therefore chose C3N4 and with some test
calculations for C6N8 to investigate the changes in the material on lithium insertion. Our calcula-
tions will systematically investigate the effect on the material when more and more Li are adsorbed
onto the membrane. They will also, for the first time, investigate the effect of Li adsorption in bulk
carbon nitride. The results will enable us to propose an explanation for the experimental findings.
We report density functional theory calculations on monolayer and bulk C3N4 and monolayer
C6N8 for lithium and sodium adsorption. We investigate the adsorption of up to 12 lithium or
sodium atoms per 4 units of C3N4 (per C12N16). The sodium adsorption was investigated as it
is considered as a cheaper and more readily available replacement of lithium.21 However, the
majority of calculations to study the effects if lithium adsorption on the material were carried out
using lithium. For a material to be suitable as an anode material it has to meet certain requirements.
The lithium adsorption energy should be above that of bulk lithium, 1.6 eV, to avoid clustering,
and below 3 eV to enable desorption.10 The specific and volumetric capacities should be larger
than graphite’s if it is to be of practical utility and the volume change on lithium insertion should
be small. In addition the membrane and bulk material should retain its structural integrity.
Methods
Calculation details
All calculations have been carried out with the DMol322,23 module of the Materials Studio soft-
ware. 3D periodic boundary conditions were applied to simulate the infinitely large systems. A
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20 Å vacuum space in-between two sheets was set to prevent the interaction between two carbon
nitride layers. The Brillouin zone for a 2 x 2 super cell was sampled by 3 x 3 x 1 k-points. The
electronic structure of the system was treated using the generalized gradient approximation (GGA)
with the PBE functional.24 The van der Waals interactions were added to the standard DFT descrip-
tion by Grimme’s scheme.25 Dispersion was included due to the diffuse nature of the membrane
which features four aromatic rings within the super-cell and due to their importance in calculations
for layered materials.
The positions of all the atoms were fully relaxed until the following convergence criterion was
met: 10−6 Ha for the total energy, 10−4 Ha/Å for the force and 10−4 Å for the displacement. The
self-consistent field computations convergence criterion was chosen to be 10−7 Ha. A 0.005 Ha
smearing was applied to the system to facilitate convergence of the electronic structures. A global
cut-off of 5.1 Å was employed.
The strength of the M g-C3N4 interaction, where M is either Li or Na, is given by the average
adsorption energy, Eads,
Eads = (nE(M)+E(g-C3N4)−E(Mn@g-C3N4))/n (1)
where n is the total number of adsorbed M atoms and E(M), E(g-C3N4) and E(Mn@g-C3N4) are
the total energies of a single M, the pure g-C3N4 monolayer membrane and the interacting M@g-
C3N4 system, respectively. By this definition, a positive Eads indicates that the interacting system
is stable and that the adsorption of M is favorable.
All calculations employ a 2 x 2 super-cell as shown in panel (a) and (c) of Figure 1. For bulk
g-C3N4 two layers are represented within the 2 x 2 x 1 super-cell, as shown in panel (b) of Figure 1.
To calculate the Eads for different Li and Na loadings first one Li or Na atom was placed
onto the membrane over eight different positions, see left panel of Figure 1 and the geometry was
optimized. Then the configuration with the lowest energy was selected and another atom was
placed onto this configuration, again in several possible positions. This procedure was continued
6
Figure 1: (a): 2 x 2 super cell of g-C3N4. (b): 2 x 2 super cell of bulk g-C3N4. The balls represent
the top and the sticks the bottom layer. (c) 2 x 2 super cell of g-C6N8. The grey balls represent
carbon and the blue balls represent nitrogen.
until up to twelve Li/Na atoms were adsorbed on the membrane. Due to the fact the in practice we
would have a layered system and that the Li would adsorb in-between layers, so only on one side
of the membrane, we did not consider positions that would place a lithium at a distance below the
membrane. We allowed the pores, positions 1 – 4, to be doubly occupied, above and blow the pore,
due to the fact that the metal atom adsorbs close to or even in the plane of the membrane. We only
allowed single occupancy, above the membrane, for each of the rings, positions 5 – 8 as these are
at a larger distance from the membrane. This gives 12 metals atoms in total to be adsorbed in the
2 x 2 super-cell.
Experimental details
Materials synthesis:
To prepare the C6N8 powders, an appropriate amount of dicyandiamide was heated in a muffle fur-
nace at 550 ◦C for 4 h with a heating rate of 2.3 ◦C/min and a cooling rate of 1 ◦C/min. The yellow
C6N8 agglomerates were collected and then ground to fine powders for later measurements.26
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Electrochemical test:
C6N8 electrodes were prepared by a traditional doctor blade method. Firstly, 80 wt % of the active
material, 10 wt % of acetylene black and 10 wt % of polyvinylidene fluoride were mixed with
the appropriate amount of N-methyl-2-pyrrolidone (NMP) and then coated onto copper foils (0.7
cm2). After drying in a vacuum oven at 120 ◦C for 12 h, these electrodes were assembled into
CR2032-type coin cells in an argon-filled glove box. In lithium ion batteries, lithium metal was
used as the counter electrode and 1 M LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1) was the electrolyte. In sodium ion batteries, sodium metal acted as the
counter electrode and 1M NaClO4 in propylene carbonate (PC) plus 2 vol % fluorinated ethylene
carbonate (FEC) was used as the electrolyte. All the electrochemical tests were conducted at
room temperature. For the galvanostatic charge/discharge test, a multi-channel battery tester (Land
CT2001A) was used with a voltage range of 0.1-3 V for the lithium ion battery and 0.1–2 V for
the sodium ion battery, respectively. For the cyclic voltammetry (CV) measurement, a CHI660E
Electrochemical Workstation was used for the lithium ion battery with a scan rate of 0.2 mV s−1
at 0.01-3 V.
Results and discussion
We first proceeded to calculate Eads for one Li/Na atom only. According to previous studies Li
should preferably adsorb over the triangular pore with the adsorption energy for the ring being
much lower.18,19 Figure 2 shows one Li adsorbed over the middle pore which is the lowest energy
configuration. The adsorption energy for Li is Eads = 4.56 eV and for Na is Eads = 3.33 eV with
the Li energy well above the required range of 1.6–3.0 eV. As can be seen from Figure 2 the
membrane distorts on Li (and also Na) adsorption with the nitrogen edges of the pore bending
outwards towards the metal atom while the carbon atoms at the opposite side of the rings bend
inwards. For both, Li and Na, the six C-N bonds of the three nitrogens bend upward, lengthening
from 1.32 Å to 1.36 Å and the six bonds directly opposite in the three rings lengthen to 1.35 Å.
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The distance of Li from the membrane plane is 1.65 Å and its distance from the three N atoms 1.9
Å. The distance of Na from the membrane plane is 2.23 Å and its distance to the three N atoms is
2.85 Å. We also found that Li and Na do not adsorb over the ring, but that in all our calculations
initiated with varying distances and positions within a ring, the metal atom hops into one of the
pore positions.
Figure 2: One Li atom adsorbed above the triangular pore of g-C3N4. The left panel shows the top
and the right panel the side view. The grey balls represent carbon, the blue balls nitrogen and the
light purple ball lithium.
This is in contrast with the results reported by Wu et al.18 who report an adsorption energy
of 2.2 eV over the pore and 0.35 eV over the ring. A range of test calculations, see Supporting
Information, showed that this is due to dispersion corrections included in our calculations and also
due to the fact that we employ a 2 x 2 super cell, while Wu et al. only employed a unit cell.
Following the lowest energy configuration we found that both, Li and Na, first adsorb above
and below the pores and then on the rings. We did not consider more than two metal atoms per pore
or over the rings on the other side of the membrane due to the already significant distortion of the
membrane. Li adsorbs with an Eads = 2.5 eV and Na adsorbs with an Eads = 1.72. These energies
are well within the accepted range for an anode application. Figure 3 shows the final configuration
for Li. Here we can see the severe distortion of the membrane and also the large distance of some
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Li atoms from the membrane. We find a similar picture for Na, see Figure S3 of the Supporting
Information. We find the bonds that are most affected are the single bonds connecting the four
rings. Here carbon-nitrogen bond lengths of up to 1.6 Å for Li and 1.55 Å for Na are found. In
the rings the biggest change is found for those bonds closest to a Li or Na atom. The least affected
ring for Li is the top right ring of Figure 1, around position 8, as here the Li are evenly distributed.
The largest distance of Li from the membrane plane is 3.63 Å and 4.44 Å for Na.
As most of the experiments have been carried out using the heptazine based material, we also
performed a few test calculations to confirm that this structure behaves the same as the triazine
based material. The adsorption energy from one Li inside the center pore is even higher, Eads =
6.23 eV, than for the triazine material. For C6N8, the heptazine units slightly twist to make room
for the lithium atom which sits in the middle of the pore in the membrane plane. If we again
place a lithium in the same position either side of the membrane we again find no distortion of the
membrane, but the two Li move slightly off the center of the pore. Here Eads = 3.08 eV per Li. If
we place three Li into the same pore we find a similar distortion as seen for the triazine material,
with the inner nitrogens of the pore pointing upward towards the lithium atoms. Interestingly, when
we placed four Li atoms into one pore, one in each corner of the pore and one in the middle, we find
that the middle Li moves into the membrane plane while the other three stay above the membrane
plane and again, the nitrogen inside the pore moves upwards towards the lithium atoms. In all the
tests we have carried out we find similar distortions of the membrane as for triazine. We also find
consistently higher average adsorption energies as for the triazine membrane. We are therefore
satisfied that the triazine based material is a sufficient test case for a theoretical investigations into
the effects of Li intercalation.
It might be anticipated that distortion of the membrane could be less pronounced when a bulk
C3N4 is employed and the large distances of the metal atoms from the monolayer membrane might
point to a large volume change in bulk C3N4 on lithium insertion. We will therefore look next at
the adsorption of Li and Na in bulk C3N4.
Figure 4 shows one Li adsorbed in bulk C3N4 which was found to have Eads = 5.86 eV. Com-
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Figure 3: 12 Li adsorbed on g-C3N4. The left panel (a) shows the top and the right panel (b)
the side view. The grey balls represent carbon, the blue balls nitrogen and the light purple balls
lithium.
paring the left hand panel to panel (b) of Figure 1 we find that the bottom layer has significantly
shifted from its original position. Instead of a nitrogen atom at the center of the pore of the top
layer we now find the carbon atom directly connected to the nitrogen atom at the center of the pore.
From the trajectory file of the geometry calculations and Figure 4 (a) we can see that the bottom
layer shifts down and to the right while the top layer with the Li shifts slightly to the top and left.
The side view also shows the significant distortion in the bulk system. Bond distances are affected
in a similar way to those in the monolayer membrane. The single bonds connecting the rings and
those bonds closest to the Li atom are most affected. We find a similar picture for Na and also
when Li and Na are placed over one of the rings. Here we find that Li stays above the side of the
ring while Na again hops into a pore position.
We also carried out calculations where we placed four metal atoms over all four pores. Here
we find an even larger distortion of the bulk structure. For Li we find that the second layer shifts
to lie directly below the other layer with the four Li positioned in the center of each pore, see left
hand panel of Figure S4 of the Supporting Information. We see a similar picture for Na, right hand
panel of Figure S4, but here the layers are not exactly on top of each other. Again, we a similar
distortion as shown in Figure 4.
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Figure 4: One Li atom adsorbed in-between the layers of bulk g-C3N4. Panel (a) shows the top
and panel (b) the side view. In (a) the bottom layer has been drawn as sticks and different colors to
improve visibility. In (b) the red line indicates the original position of the top layer. The grey balls
represent carbon, the blue balls nitrogen and the light purple ball lithium.
All calculations reported so far in this article employ fixed cell parameters. To see if allowing
the cell parameters to vary will affect the distortion of the membrane we performed calculations
with different a= b values for the monolayer membrane and also different c values for bulk C3N4.
In all these calculations we fixed the cell parameters and did a full geometry optimization. Once
all of these structures were set up we performed a geometry optimization to see if different cell
parameters will affect the adsorption of the Li atom. One might expect that a larger cell would
prevent the membrane to distort while still allowing the Li to adsorb close to the pore. However,
we find that in fact a slightly smaller cell, reduced by 3%, is more favorable. It prevents the bonds
connecting the rings from getting longer (around 1.44 Å instead of 1.46 Å) while the N atoms
still turn outwards towards the Li atom and the opposite C atoms turn downwards, away from
the Li atom with the same bong length changes within the rings as we saw with the original cell
parameters. We also find that the distance of the Li from the N atoms changes from 1.9 Å to 1.92
Å and that the Li atom is now further away from the membrane plane, 2.72 Å.
We also carried out several test calculations were we placed up to eight metal atoms onto the
membrane and allowed the whole cell, cell vectors and angles, to relax. Here we also found that a
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and b get shorter to avoid the over stretching of the ring connecting bonds.
We also tested the affect on the c cell parameter in bulk C3N4. Here we varied c as well as a= b.
One Li was placed above the pore of the top layer in the super cell and a geometry optimization
was performed. We find that a larger c is more favorable for accommodation of the insertion of
the lithium atom but this change was very small, only a 0.4% to 0.6% increase from the original c
parameter over the range of a = b tested. We also find, as for the membrane, a decrease of about
3% in a = b. As this is only for one metal atom and considering the results from the monolayer
membrane calculations we might expect a larger change once more metal atoms are inserted.
The theoretical results so far show that from the average adsorption energy that C3N4 could be
suitable as a lithium ion battery anode material. However, the very high adsorption energy for a
single metal atom and the significant distortion in the monolayer membrane as well as in the bulk
material suggests that the material has a large Li/Na storage capacity but that the material becomes
unstable and that the capacity will decrease on cycling.
The electrochemical performance of the C6N8 as an anode material for both lithium ion bat-
teries and sodium ion batteries was also experimentally tested. As shown in Figure S5 of the
Supporting Information, C6N8 delivered a very high discharge capacity of around 250 mAh g−1 in
the first cycle in both batteries, but achieved about only 50 mAh g−1 and 10 mAh g−1 in the fol-
lowing charging process for the lithium ion battery and sodium ion battery, respectively. In other
words, only 20% of the lithium ions that diffused into the C6N8 material in the first discharge can
be extracted later in the first charge. And this percentage for sodium ions is even lower (4%). From
the 2nd cycle to the 50th cycle, both the charge and discharge capacities were maintained at around
50 mAh g−1 for the lithium ion battery and 10 mAh g−1 for the sodium ion battery, which indi-
cates that the C6N8 material was saturated with lithium ions or sodium ions after the first discharge
and most of these ions were too stable in the C6N8 structure to involve further electrochemical
reactions.
Typical Charge/discharge curves of the C6N8 material in both the lithium ion batteries and
sodium ion batteries are shown in Figure 5. Clearly a long first discharge curve was found in both
13
batteries, corresponding to the large first discharge capacities. A smooth discharge plateau from
around 1.3 V to 0.2 V was also found in both batteries, which indicates the C6N8 may attract
lithium ions and sodium ions in a similar way. In addition, from the CV test of the lithium ion
battery, a main discharge peak centered at around 0.5 V was observed, which is likely the optimal
potential for C6N8 to attract lithium ions, see Figure S6 of the Supporting Information.
Figure 5: Typical charge and discharge curves of the C6N8 anode material. Left panel: lithium,
right panel: sodium.
To investigate the affects of Li adsorption on the membrane structure in more detail we have
calculated the Mayer bond orders, as implemented in the DMol3 package,22,23 for the pure mem-
brane and with 12 Li adsorbed. As bond orders in DMol3 can only be calculated for non-periodic
structures, we created a non-periodic 2x2 super cell of the structures shown in Figure 1 (a) and
Figure 3 (a) and passivated the edges with hydrogen. For the pure membrane we find that the
rings are aromatic having bond orders of 1.5 while the ring connecting bonds have an order of
1.0. For the structure containing the Li atoms we find that this changes dramatically. Most of the
bond orders within the rings are now around 1.1 and with some of ring connecting bonds down to
0.8. This shows that the membrane is loosing its aromatic nature. This could have an affect on its
conductivity and suitability as an anode. However, this should not affect its storage capacity but
only the charging rate and this was not tested in this current study.
Experimental studies have suggested that graphitic nitrogen has a negative effect on the anode
capacity while pyridinic nitrogen has a positive effect.5,12,15,16 Examining Figure 3 shows that
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Li mainly interacts with the pyridinic nitrogens in the monolayer membrane. Here only one Li
(Li 38, see Figure S7 of the Supporting Information) seems to interact with a graphitic nitrogen.
The lithium does favor the pyridinic nitrogen and the pore positions. In our calculations we found
several cases were the triazine structure would break. In all those cases this was due to the pyridinic
nitrogen atoms twisting so much towards the lithium atoms that the bond or bonds connecting the
ring to the rest of the structure would elongate too much and break. Similar to previous theoretical
studies we find that pyridinic nitrogen is responsible for the amount of Li that can be taken up by the
membrane. The lithium prefers to adsorb close to the pyridinic nitrogen and that it does not seem
to interact with the graphitic nitrogen. This is in line with the assumption that pyridinic nitrogen
is desired for enhanced capacity. However, we also found that these also cause the distortion
instability of the membrane and bulk material. The Li does not in fact directly react with the
graphitic nitrogen but its interaction with the pyridinic nitrogen breaks at least one bond of C3N
which would result in a reduction of these species on lithiation as has been found by Veith et al.16
We also investigated the possible bond formation of the Li with the carbon nitride species. For
the structure in Figure 3 we find that the Li is close enough to most of the pyridinic nitrogen to be
considered bonded (between 1.9 - 2.0 Å). At a distance of around 2.3 Å two Li are close enough to
a graphitic nitrogen each. The distance to most carbon atoms is around 2.3 - 2.4 Å which could be
considered bonded albeit with a long distance. Similar results have been found for other structures,
also those where the structure did break. This clearly indicates that the Li will mainly interact and
react with the pyridinic nitrogen and that these are responsible for the significant Li uptake but also
for the membrane distortion, instability and breakage.
Finally, we investigate the charge transfer from the Li to the membrane. We calculated the total
electron density and the electrostatic potential as implemented in the DMol3 package.22,23 Figure 6
shows the electron density plots with the electrostatic potential superimposed on it for the pristine
membrane and for one Li and 12 Li adsorbed on the membrane. Here the electrostatic potential
indicates electron deficiency in red and electron excess in blue. Figure 6 (a) shows that the carbon
atoms mostly carry a positive charge and the nitrogen atoms a negative charge. This changes when
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Li is adsorbed. Figure 6 (b) shows that the Li is positively charged, which is consistent with the
expected ionic bond6 and that the charge on the nearby carbon and nitrogen atoms has become less
pronounced. Figure 6 (c) clearly shows that now the membrane is mostly negatively charged while
all the Li are positive. There is significant charge transfer from the lithium atoms to the membrane.
Figure 6: Electrostatic potential on the electron density for (a) pure g-C3N4 membrane (b) Li@g-
C3N4 and (c) 12Li@g-C3N4. The electron density is plotted at 0.2 e/Å3 and the electrostatic
potential in the range of −0.1 (blue) to 0.2 (red) in units of Ha/e. Blue indicates electron excess
and red electron deficiency.
Conclusions
DFT calculations for lithium and sodium adsorbed on graphitic carbon nitride showed that both
metals adsorb preferentially over the pores with a very high adsorption energy. While C3N4 shows
a high lithium uptake capacity we also found that the material becomes unstable with lithiation.
This is due to the Li favoring the pyridinic nitrogen, thus weakening the bonds in the graphitic
nitrogen C3N and causing these to break first. This instability of the material makes it unsuitable
as an anode material for lithium ion batteries as has been demonstrated previously in experimental
studies. Our study suggests that pyridinic nitrogen is required for high lithium uptake and that
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graphitic nitrogen is the weak point of the material. A way to enable graphitic carbon nitride to
be suitable as an anode material might therefore be to either to reduce the graphitic nitride or to
provide stability to the material via a graphene backbone, for example.
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1
Procedure of DFT calculations
During our calculations we noted a disagreement between our results and those of Wu and co-
workers.1 They also employed DMol32,3 with GGA and PBE4 but dispersion corrections were not
included in their calculations. We therefore repeated our calculations without Grimme’s dispersion
corrections5 and obtained an adsorption energy of 4.27 eV for the pore. Adsorption on the ring
again proved difficult but once we placed the Li very close to the membrane, 1 Å, Li adsorbed over
the ring with an energy of 2.12 eV. Again, these are much larger than those reported before. We
finally tested the adsorption of Li over the pore of a unit cell (all our calculations employ a 2 x 2
super cell) without dispersion correction and obtained an adsorption energy of 2.25 eV which is
consistent with the energy reported by Wu and co-workers.1
One more point of discrepancy exists between our results and those from Wu and co-workers
and that is that we see a significant distortion of the membrane while their results seem to show a
membrane that remains flat. We therefore placed two Li atoms simultaneously above and below
the pore, similar to Wu and co-workers. Figure S1 shows that this resulted in a flat membrane
with no distortion and with an Eads = 3.15 eV. However, when we proceeded to place eight Li
atoms simultaneously, that is one Li atom above and below each of the four pores presented in the
super-cell, we again found that the membrane distorts, see Figure S2. We therefore continued with
our initial procedure to place Li or Na atoms one after the other onto the membrane and choosing
the lowest energy configuration until all positions are filled.
2
Figure S1: Li adsorbed on the top and bottom of the triangular pore of g-C3N4. The left panel
shows the top and the right panel the side view. The grey balls represent carbon, the blue balls
nitrogen and the light purple balls lithium.
3
Figure S2: Eight Li atoms adsorbed above and below the four triangular pores of the g-C3N4
super-cell. The left panel shows the top and the right panel the side view. The grey balls represent
carbon, the blue balls nitrogen and the light purple balls lithium.
4
Figure S3: 12 Na adsorbed on g-C3N4. The left panel shows the top and the right panel the side
view. The grey balls represent carbon, the blue balls nitrogen and the pink balls sodium.
5
Figure S4: Four Li and Na adsorbed above the pores in bulk C3N4. Left panel: Li. Right panel:
Na. The grey balls represent carbon, the blue balls nitrogen and the light purple balls lithium and
the pink balls sodium.
6
Figure S5: Charge and discharge capacities of C6N8 at the current density of 30 mA/g in the first
50 cycles as an anode material for (a) lithium ion batteries and (b) sodium ion batteries.
Figure S6: Cyclic voltammogram loops of the C6N8 anode material in a lithium ion battery in the
first three cycles.
7
Figure S7: Position numbers of atoms in the structure of monolayer C3N4 with 12 adsorbed Li
atoms.
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